The mammalian main olfactory bulb (MOB) receives a dense noradrenergic innervation from the pontine nucleus locus coeruleus that is important for neonatal odor preference learning and odor processing in mature animals. Modulation of GABAergic granule cells (GCs) is thought to play a key role in the net functional impact of norepinephrine (NE) release in the MOB, yet there are few direct studies of the influence of NE on these cells. In the present study we investigated noradrenergic modulation of GC excitability using electrophysiological approaches in rat MOB slices. A moderate concentration of NE (10 µM) and the α1 receptor agonist phenylephrine (10 µM) depolarized and increased spontaneous or current injection-evoked spiking in GCs. By contrast, low NE concentrations (0.1-1.0 µM) or the α2 receptor agonist clonidine (10 µM) hyperpolarized and decreased the discharge of GCs. The effects of NE (10 µM) were blocked by antagonism of α1 and α2 receptors. Inhibitory effects of low NE concentrations were blocked or converted to excitatory responses by α2 receptor blockade, whereas excitatory effects of the moderate NE concentration were converted to inhibitory responses after α1 receptor blockade. NE (10 µM) and phenylephrine elicited inward currents that reversed near the potassium equilibrium potential. The effects of NE and phenylephrine were associated with increased membrane input resistance. Clonidine elicited an outward current associated with decreased membrane input resistance that reversed near the potassium equilibrium potential. These results indicate that α1 and α2 receptor activation exert opposing effects on GC excitability. Low concentrations of NE acting via α2 receptors suppress GC excitability, while higher concentrations of NE acting at α1 receptors increase GC excitability. These findings are consistent with recent findings that α1 and α2 receptor activation increase and decrease, respectively, GABAergic inhibition of mitral cells. The differential affinities of α1 and α2 noradrenergic receptor subtypes may allow for differential modulation of GABA release and olfactory processing as a function of the level of NE release, which in turn, is regulated by behavioral state.
INTRODUCTION
The noradrenergic nucleus locus coeruleus (LC) provides the sole source of noradrenergic innervation of the main olfactory bulb (MOB) (Shipley et al. 1985) . Noradrenergic fibers terminate in all but the most superficial MOB layers, densely targeting the internal plexiform and granule cell (GC) layers with a more moderate density in the mitral cell and external plexiform layers (McLean et al. 1989 ). The LC system plays well documented roles in modulation of behavioral state and sensory processing including olfactory function. Olfactory cues activate LC neurons and trigger norepinephrine (NE) release in the MOB (Ennis and Hayar, 2008) . The widespread distribution of noradrenergic fibers in the MOB network provides a structural basis for potentially diverse physiological effects of NE release on olfactory processing. Consistent with this, noradrenergic input to the MOB is critical for the formation of conditioned odor preferences in neonates, as well as odor habituation and discrimination in mature animals (Sullivan et al. 2000; Harley et al. 2006; Doucette et al. 2007; Veyrac et al. 2007; Guerin et al., 2008; Mandairon et al. 2008 ).
The dense LC-NE innervation of the GC layer (GCL) suggests that modulation of GABAergic inhibition is a major component involved in noradrenergic modulation of olfactory processing in the MOB network. However, there are relatively few direct physiological studies on the impact of NE on the excitability of GABAergic GCs in the mammalian MOB. NE was reported to suppress GABAa receptor-mediated inhibition of mitral cells in the turtle MOB, an effect attributed to direct inhibition of GCs (Jahr and Nicoll 1982) . NE, acting at α2 receptors, was similarly found to reduce GABAergic inhibition of cultured rat mitral cells due to presynaptic inhibition of transmitter release from mitral or GCs (Trombley 1992; Trombley and Shepherd 1992) . However, α2 receptor activation did not directly influence GC cell excitability in the Xenopus laevis MOB (Czesnik et al. 2001) . Smith et al. (2009) observed that NE or α1 receptor activation depolarized accessory olfactory bulb GCs. Recent studies in MOB slices demonstrated that GABAa receptor-mediated inhibition of mitral cells is bi-directionally regulated in a concentration-dependent manner by NE. Low NE concentrations in the sub-micromolar range, acting at α2 receptors, suppressed GABAergic inhibition while low micromolar concentrations increased GABAergic inhibition via α1 receptors (Nai et al., 2009 ). NEinduced, α1 receptor-mediated increase in GABAergic inhibition of mitral cells has also been observed in the accessory olfactory bulb (Araneda and Firestein, 2006) . In both studies, the effects of NE were mediated on neuronal elements presynaptic to mitral cells, presumably by direct modulation of GC excitability.
Taken together, the preceding studies suggest that NE may modulate GABAergic inhibition of mitral cells via presynaptic actions on GCs involving both α1 and α2 receptors. The goal of the present study was to assess the direct postsynaptic effects of α1 and α2 receptor activation on the excitability of GCs using patch clamp electrophysiology in rat MOB slices. Our results indicate that α1 receptor activation increases, and α2 receptor activation decreases, spontaneous and evoked discharge in GCs in a manner consistent with recently observed effects of activation of these receptor subtypes on GABAa receptor-mediated inhibition of mitral cells (Nai et al., 2009 ).
MATERIALS AND METHODS

Slice preparation
Male and female 14-28-day-old Sprague Dawley rats were decapitated in accordance with Institutional Animal Care and Use Committee and National Institute of Health guidelines. Horizontal 400 µm-thick olfactory bulb slices were prepared as previously described (Dong et al. 2007) . Briefly, the olfactory bulbs and a portion of the forebrain were dissected free from the surrounding skull, removed and immersed in oxygenated chilled sucrose-artificial cerebrospinal fluid (ACSF) composed of (in mM): 26 NaHCO 3 , 1 NaH 2 PO 4 , 3 KCl, 4 MgSO 4 , 0.1 CaCl 2 , 20 glucose and 234 sucrose; pH 7.3, 310 mOsm. Slices were cut using a Vibratome 3000 (Vibratome, St. Louis, MO) and transferred to an incubation chamber filled with normal ACSF saturated with 95% O 2 and 5%CO 2 and composed of (in mM): 124 NaCl, 26 NaHCO 3 , 1 NaH 2 PO 4 , 3 KCl, 2 MgSO 4 , 2 CaCl 2 , 10 glucose, 0.4 ascorbic acid, 2 sodium pyruvate (pH 7.3, 310 mOsm); osmolarity was 310 mOsm. NaH 2 PO 4 was omitted in experiments where nickel and cadmium were added to the ACSF. Slices were held at 33°C for 15 min, and then at room temperature (22°C) until used. For recording, a single slice was placed in a recording chamber and continuously perfused with ACSF equilibrated with 95% O 2 and 5%CO 2 .
Electrophysiology
Whole-cell recordings were performed at 30°C. Drugs were applied by bath perfusion (1.5-2 ml/min) for 4 min. The recording pipette contained (in mM): 120 potassium gluconate, 6 KCl, 2 NaCl, 2 MgCl 2 , 10 phosphocreatine ditris salt, 3 MgATP, 0.3 Na 2 GTP, 0.2 EGTA, 10 HEPES, and (pH 7.3, 290 mOsm). The intracellular solution also contained 0.4% biocytin and 0.02% Lucifer Yellow. Neurons were visualized using an upright microscope (BX51WI; Olympus Optical, Tokyo, Japan) equipped with epifluorescence and nearinfrared differential interference contrast optics.
Whole-cell current and voltage clamp techniques were used to record membrane potential and currents. Analog signals were low-pass filtered at 2 kHz (Axopatch 200B) and digitized at 5 kHz using a Digidata-1322A interface and Clampex 9.0 software (Molecular Devices, Sunnyvale, CA). In current clamp membrane input resistance was determined by voltage changes elicited by negative current pulses (−2 to −100 pA, 500 msec). I-V relations of NE and agonist evoked currents were studied with a voltage ramp protocol (−120 mV to −10 mV, 70 mV/s, 1.4 sec duration) from a holding potential (HP) of −80 mV; the current attributable to NE or agonists was determined by subtracting the curves recorded in their presence and absence. The membrane potential and firing frequency were analyzed with ClampFit 9.0 (Molecular Devices) and Mini Analysis program (Synaptosoft, Decatur, GA). OriginPro 8 (OriginLab Corporation, Northampton, MA) was used for further data analysis.
GCs were identified by soma location, and distinct morphological (small soma size, single apical dendrite ramifying in the external plexiform layer) and electrophysiological (high input impedance, relatively hyperpolarized resting membrane potential, low rate of spontaneous spiking) properties. The majority of cells recorded in the present study were superficial GCs located in the mitral cell and internal plexiform layers. Recordings were also obtained from a smaller subset of deep GCs within the GCL proper.
Data analysis
Data, expressed as mean ± SEM, were statistically analyzed using one-way repeated measurement Anova followed by posthoc comparisons (Newman-Keuls tests), or with Students t-tests (SigmaStat, Aspire Software International, Ashburn, VA). Percentage data from different groups were analyzed with the Mann-Whitney U test.
Immunohistochemistry and microscopy
Slices containing the recorded cells were treated using methods described previously (Dong and Buonomano, 2005) . Briefly, the slices were fixed with 4% paraformaldehyde overnight and then rinsed thoroughly with 0.1 M phosphate buffered saline (PBS, pH 7.4) at room temperature. Slices were incubated with 0.6 % Triton X-100 (0.1M PBS) at room temperature for 1 hr, then in 0.1 M PBS with 1:200 Avidin-Oregon Green 488 conjugate at 4°C overnight. After rinsing in 0.1 M PBS for three times, 10 min each, the slices were mounted with the Vectashield mounting medium with DAPI (H-1200, Burlingame, CA). Images of labeled cells were captured using an upright Olympus BX50 microscope equipped with a BioRad MRC 1024 Confocal system with krypton-argon laser (Hemel Hempstead, UK).
Drugs and solutions
Drugs were applied by switching the bath perfusion solution with a three-way valve system. Biocytin and Avidin-Oregon Green 488 were purchased from Molecular Probe (Carlsbad, CA). Clonidine (Clon), prazosin (Praz), idazoxan (Idaz), LY367385, tetrodotoxin (TTX), 2-amino-5-phosphonopentanoic acid (APV), and 6-cyano-2,3-dihydroxy-7-nitro-quinoxaline (CNQX) were obtained from Tocris Bioscience (Ellisville, MO). NE, phenylephrine (PE), gabazine and other chemicals were purchased from Sigma (St. Louis, MO).
RESULTS
Recordings were obtained from 109 superficial and 17 deep GCs. The mean resting membrane potential (−64.5 ± 1.1 mV vs. −64.9 ± 2.0 mV) and input impedance (1.2 ± 0.1 GΩ vs. 1.7 ± 0.3 GΩ) did not differ between the two GCs subtypes (p>0.05, t-tests). Unless specified otherwise, the data reported were obtained from superficial GCs. An example of a biocytin-filled superficial GC is shown in Figure 1A .
Effects of NE and Receptor Agonists on GC Membrane Potential and Discharge
A previous study from our laboratory reported that α1 and α2 receptor activation modulates GABAergic input to mitral cells via presynaptic actions on inhibitory interneurons (Nai et al., 2009) . Therefore, the present experiments focused on the effects of NE and α1/α2 agonists on GC excitability. Concentrations of NE and agonists were based on those that produced significant effects on GABAergic IPSCs in mitral cells (Nai et al., 2009 ). We first investigated the actions of NE, the α1 receptor agonist phenylephrine (PE), and the α2 receptor agonist clonidine (Clon), each at 10 µM on GC membrane potential and spontaneous discharge using whole-cell current clamp recordings. The effects of these ligands on membrane potential and spiking frequency were measured at the end of the drug application. In normal ACSF, application of NE or PE (Fig.1B ,C,E) elicited slow and relatively small amplitude depolarization of GCs, 2.2 ± 0.2 mV for NE (n=16, p<0.05, paired t-test) and 3.0 ± 0.3 mV for PE (n=17; p<0.05, paired t-test). The depolarizations were associated with an increase in the spontaneous discharge rate from 0.6 ± 0.2 to 1.5 ± 0.5 Hz for NE (n=9, p<0.05, paired t-test), and from 0.7 ± 0.3 to 1.9 ± 0.7 Hz for PE (n=10, p<0.05, paired t-test) (Fig.1B ,C,E). In contrast, Clon hyperpolarized the membrane potential by −1.9 ± 0.1 mV (Fig.1D ,E, n=15; p<0.05, paired t-test), and reduced the firing rate ( Fig.  1D -E, from 1.1 ± 0.4 to 0.7 ± 0.3 Hz; n=12, p<0.05, paired t-test). The effects of NE and noradrenergic receptor agonists lasted 5-15 min and were partially or fully reversible by 30 min after washout (Supplemental Figure 1 ).
In many cells the peak agonist effects, especially NE and PE occurred after the end of the drug application, and in some cases (Fig. 1C ) the large depolarization resulted in cessation of firing (i.e., depolarization block). Therefore, we further analyzed the peak effects of NE and PE on cells that displayed maximal membrane potential changes within five min after the drug delivery. NE depolarized the cells by 6.2 ± 2.2 mV (n=11, p<0.05, paired t-test). PE depolarized the membrane potentials by 8.3 ± 2.5 mV (n=12, p<0.05, paired t-test). The peak hyperpolarization by Clon was −2.3 ± 0.1 mV (n=13, p<0.05, paired t-test)
In order to assess if NE and agonist effects are directly mediated, similar experiments were conducted in the presence of antagonists of ionotropic glutamate and GABA receptors: APV (50 µM), CNQX (10 µM) and gabazine (10 µM). As previously reported, these antagonists reduced spontaneous synaptic activity and action potential generation in GCs (Heinbockel et al., 2007) . Under these conditions, depolarizations were induced by NE (2.7 ± 0.3 mV, n=10; p<0.05) and PE (2.5 ± 0.3 mV, n=6; p<0.05) comparable to those observed in normal ACSF (Fig. 1F,G,I ). Clon hyperpolarized the membrane potential (Fig. 1H,I , −2.2 ± 0.4 mV, n=14). For cells showing the maximal membrane potential changes within five min following drug application, the peak depolarization induced by NE and PE were 6.9 ± 1.6 mV (n=8) and 9.6 ± 4.3 mV (n=6), respectively (p<0.05, paired t-test for both agonists); the peak hyperpolarization by Clon was −2.6 ± 0.2 mV (n=11, p<0.05, paired t-test). When steady depolarizing current injection (2-20 pA) was used to restore spontaneous spiking in GCs in the presence of APV-CNQX-gabazine (Fig. 1K,L,N) , NE (10 µM) and PE (10 µM) depolarized, 2.8 ± 0.4 mV, n=10 for NE; 2.8 ± 0.5 mV, n=9 for PE) and increased the firing rate (1.3 ± 0.7 to 3.4 ± 1.4 Hz, n=10, p<0.05 for NE; 0.7 ± 0.2 to 2.1 ± 0.4 Hz, n=9, p<0.05 for PE). The depolarization and increase in firing elicited by 10 µM NE were completely blocked (Fig. 1N, Fig. 3B ,C) when applied in the presence of in the presence of the α1 and α2 receptor antagonists prazosin (Praz, 1 µM) and idazoxan (Idaz, 10 µM), respectively (firing rate = 13.7 ± 2.9% increase, n=3, p>0.05, paired t-test; depolarization = 0.28 ± 0.1 mV [0.6 ± 0.2% increase], n=4, p>0.05, paired t-test). A low concentration of NE (0.1 µM) and Clon (10 µM) hyperpolarized GCs (Fig. 1J ,M,N, −2.0 ± 0.3 mV, n=10, p<0.05 for Clon), and suppressed their firing rate (Fig. 1J ,M,N, 1.3 ± 0.3 to 0.3 ± 0.1 Hz; n=10, p<0.05 for Clon). The peak depolarization by NE and PE in cells reaching their maximal response within five min after drug application were 8.0 ± 2.3 mV, (n=9) and 12.7 ± 4.1 mV (n=8), respectively (p<0.05, paired t-test for both agonists). The peak hyperpolarization induced by Clon was −2.6 ± 0.6 mV (n=10, p<0.05, paired t-test).
Activation α1 and α2 Receptors Exert Opposing Effects on GC Excitability
The preceding findings indicate that activation of α1 and α2 receptors exert direct and opposing effects on the excitability of GCs. We wondered if individual GCs express both α1 and α2 receptors. In all 9 cells tested in normal ACSF, PE (10 µM) depolarized and increased the firing rate while Clon hyperpolarized and reduced the firing rate ( Fig. 2A,B) . Similar results were observed for 5 cells tested in ACSF containing APV-CNQX-gabazine (Fig. 2C) ; cells were depolarized by steady positive current injection to elicit spiking activity as in Figure 1J -M. These results suggest that most GCs express both α1 and α2 receptors, but do not exclude the possibility that some GCs may express one of the two noradrenergic receptor subtypes.
A recent study reported that low concentrations of NE (0.01-1.0 µM) suppressed, while intermediate concentrations (3-10 µM) increased, GABAa receptor-mediated spontaneous inhibitory postsynaptic currents (sIPSCs) in mitral cells (Nai et al., 2009 ). The findings above indicate that an intermediate concentration of NE (10 µM) increases GC excitability. To determine if lower concentrations of NE suppress excitability, we measured changes in membrane potential and firing rate produced by 0.1, 0.3 and 1.0 NE µM in the presence of APV-CNQX-gabazine (Fig. 3A) . Compared to basal membrane potential and firing rate (1.2 ± 0.4 Hz), 0.1-1.0 µM NE significantly hyperpolarized and reduced the discharge rate of GCs: 0.1 µM (−1.5 ± 0.1 mV, 0.5 Hz ± 0.3 Hz), 0.3 µM (1.7 ± 0.3 mV, 0.5 ± 0.3 Hz), and 1.0 µM 1.4 ± 0.3 mV, 0.7 ± 0.4 Hz); n=6-7 cells per concentration, p<0.05; see also Fig, 1J Combined with the 10 µM NE results, the dose-response profile for NEs actions on GC is similar to the change in the frequency of sIPSCs in mitral cells across the same NE concentration range (Nai et al., 2009) , as shown in Figure 3A . Based on previous studies (Nai et al., 2009 ) and the present results, we hypothesize that low concentrations (≤ 1µM) of NE inhibit GC excitability via α2 receptors, while intermediate concentrations (3-30 µM) excite GCs via α1 receptors. To test this hypothesis, we applied low concentrations of NE in the presence of the α2 receptor antagonist Idaz, and an intermediate concentration in the presence of the α1 receptor antagonist Praz. In the presence of the Idaz (10 µM), the hyperpolarization and decreased firing elicited by 0.1 NE were blocked, while 0.3 µM NE produced a depolarization and increased firing rate (Fig. 3B,C) . By contrast, in the presence of Praz (1 µM), 10 µM NE hyperpolarized and inhibited the firing rate of GCs. These findings further suggest that individual GC express both α1 and α2 receptors, and that inhibitory effects of low NE concentrations are mediated by α2 receptors and the excitatory effects of intermediate concentrations are mediated by α1 receptors.
Effects of NE and Receptor Agonists on GC Responses to Current Injection
To further investigate the direct effects of activation of α1 and α2 receptors, we measured spiking and membrane hyperpolarization elicited by injection of positive or negative current pulses (2 to 100 pA, 0.5 sec), respectively, into GCs in the presence of APV-CNQXgabazine (Fig. 4A,B,C) . NE (10 µM) or PE (10 µM) increased spiking responses to positive current pulses, measured as the number of spikes/pulse; NE: 2.5 ± 0.2 to 6.6 ± 0.6 spike/ pulse (n=8, p<0.05, paired t-test), PE: 3.1 ± 0.4 to 5.1 ± 0.5 spike/pulse (n=9; p<0.05, paired t-test). The increases in evoked spiking were not due to depolarization as the membrane potential was manually reset to the baseline level during agonist application. NE and PE also reduced the latency of the first evoked spike (by 73.6 ± 18.6 ms and 42.2 ± 13.8 ms respectively; p<0.05, paired t-tests). NE and PE increased the amplitude of hyperpolarizing responses to negative current pulses (Fig 4. A,B) , translating to an increase in membrane resistance of 176.1 ± 59.2 MΩ (Fig. 4E, n=8 ; p<0.05, paired t-test) for NE and 193.8 ± 76.8 MΩ for PE ( Fig. 4E; n=9 ; p<0.05, paired t-test).
Clon (10 µM) reduced the number of evoked spikes (6.0 ± 0.3 to 4.9 ± 0.4 spikes/pulse; n=14, p<0.05, paired t-test) and increased the latency of the first spike by 30.9 ± 9.4 ms (p<0.05, paired t-test). Clon decreased responses to negative current pulses, corresponding to a decrease in membrane resistance of 109.8 ± 34.8 MΩ; (Fig. 4 C,D,E ; n=14, p<0.05, paired t-test). In a population of deep GCs tested, PE (10 µM, n=6) and Clon (n=5), respectively, increased and decreased evoked spiking (n=5, p<0.05 for both, paired t-tests). The magnitude of effects of PE and Clon on evoked spiking did not differ between superficial and deep GCs (p>0.05, Mann-Whitney U tests, data not shown).
The Group I metabotropic glutamate receptor, mGluR1, was recently reported to mediate the excitatory effects of NE and α1 receptor agonists on GCs in the mouse accessory olfactory bulb (Smith et al., 2009 ). We therefore tested if the selective mGluR1 antagonist LY367385 altered the response of rat GCs to PE. In the presence APV-CNQX-gabazine and LY367385 (100 µM), PE (10 µM) increased the number of spikes induced by depolarizing pulses (6.2 ± 0.7 to 9.2 ± 0.9 spikes/pulse, n=4, p<0.05); this increase did not differ from that elicited by PE in the absence of LY367385 (p>0.05, Mann-Whitney U test, data not shown). Similarly, the increase in membrane resistance elicited by PE did not differ in the presence or absence of LY367385 (p>0.05, Mann-Whitney U test, data not shown).
Effects of PE and Clon on Membrane Currents
Voltage clamp recordings were used to investigate the current-voltage (I-V) relationship of responses elicited by NE and agonists. NE-induced changes of cellular excitability are commonly mediated by modulation of potassium conductances (see Discussion). Therefore the following experiments were conducted in the presence of APV-CNQX-gabazine, TTX (1 µM), nickel (100 µM), and cadmium (100 µM). NE (10 µM) and PE (10 µM) produced an inward current that was largest at −10 mV and declined as the membrane potential was shifted to more negative potentials (Fig. 5A, B) . The slope of the I-V curves were reduced by NE or PE, indicative of an increase in input resistance due to closure of channels that were open at the range of holding potentials tested (−120 to −10 mV). Potassium channels were assumed to provide the major contribution to the membrane conductance under these recording conditions, suggesting that NE and PE lead to a decreased potassium conductance. Consistent with this, the NE and PE currents reversed in polarity at −95.8 ± 4.3 mV (range, −85 to −106 mV; n=5) and −94.9 ± 4.1 mV (range, −85 to −105 mV; n=5), respectively, near the calculated equilibrium potential of potassium channels (−97.6 mV). Clon induced an outward current that was maximal at positive membrane potentials and progressively declined at more negative potentials, reversing in polarity at −93.1 ± 2.4 mV (range, −86 to −110 mV; n=10, Fig. 5C ). Clon increased the slope of the I-V curve, indicative of a decrease in membrane resistance. At −60 mV, NE and PE induced inward currents of −3.5 ± 1.5 pA and −4.2 ± 0.6 pA, respectively, while Clon induced an outward current of 3.9 ± 1.3 pA (Fig. 5D ).
Discussion
The results of our study indicate that NE directly and bi-directionally modifies the excitability of MOB GCs via activation of α1 and α2 receptors. Specifically, low concentrations of NE or the α2 receptor agonist Clon suppressed, while a higher concentration of NE or the α1 receptor agonist PE enhanced, GC excitability. Taken together with previous studies (Nai et al., 2009 ), these results indicate that low levels of NE in the MOB attenuate GC-mediated GABAergic inhibition of mitral cells, whereas higher concentrations lead to increased inhibition of mitral cells.
NE and the α1 receptor agonist PE, at concentrations recently shown to increase GABAergic inhibition of mitral cells (Nai et al., 2009) , depolarized and increased the spontaneous or evoked spiking in GC. By contrast, relatively low concentrations of NE, or the α2 receptor agonist Clon, hyperpolarized and suppressed spike generation in GCs. In all cases, these effects persisted in the presence of APV-CNQX-gabazine, indicating that they result from direct postsynaptic actions of NE or agonists on GCs. Corresponding voltage clamp recordings demonstrated that PE and Clon induced inward and outward currents, respectively, that reversed in polarity near the reversal potential for potassium ions. Combined with the resistance changes produced by the agonists, these overall findings suggest that α1 and α2 receptor activation decreases and increases potassium conductances in GCs, respectively. The modest amplitude of the agonist-evoked changes in membrane potential, as well as modulation of potassium channels, is consistent with previous α1 and α2 receptor-mediated actions in the substantial gelatinosa (North and Yoshimura, 1984) , laterodorsal tegmental nucleus (Williams and Reiner, 1993) cerebral cortex (Wang and McCormick, 1993; Pralong and Magistretti, 1995; Kawaguchi and Shindou, 1998) , supraoptic nucleus (Ogata and Massuo, 1986; Yamashita et al., 1987) , hippocampus (Bergles et al., 1996) , dorsal raphe (Pan et al., 1994) and periaqueductal gray (Vaughn et al., 1996) . Similar to our study, α1 receptor activation elicited depolarizations, increased membrane resistance and reduced potassium currents, while α2 activation produced hyperpolarization, decreased membrane resistance and increased potassium currents in sympathetic preganglionic, dorsal vagal, periaqueductal gray neurons (Fukada et al., 1987; Inokuchi et al., 1992; Vaughn et al., 1996) . The potassium conductance modified by α1 and α2 agonists was active over the range of membrane potentials tested, suggesting modulation of a resting or leak potassium. Although the I-V relationship of leak potassium currents is typically linear, some leak channel subtypes (i.e., KCNK) exhibit outward rectification at membrane potentials positive to the potassium equilibrium potential (Talley et al., 2000; Goldstein et al., 2001) , as observed in the present study. NE, acting via α1, receptors has been reported to inhibit rectifying and non-rectifying leak potassium currents (Inokuchi et al., 1992; Wang and McCormick, 1993; Pan et al., 1994; Vaughn et al., 1996; Hayar et al., 2001) . Outwardly rectifying leak potassium channel subunits are highly expressed by neurons in the GCL (Talley et al., 2001) . In view of the finding that the current modified by Clon exhibited similar properties, it is possible that α1 and α2 receptor activation bi-directionally modulate GC excitability by opposing actions on a same leak potassium current in these cells. Additional studies are needed to conclusively identify the voltage-dependency of potassium conductances, as well as other ion channels, modified by NE in GCs.
NE was recently reported to depolarize accessory olfactory bulb GCs via activation of α1 receptors (Smith et al., 2009) . The properties of the α1 receptor-mediated excitation of accessory olfactory bulb GCs differs markedly from those observed in the present study. The depolarization was mediated by a non-selective cation current with a reversal potential near −20 mV, and was blocked by extracellular cadmium. The effects of α1 receptor agonists were also blocked by the mGluR1 antagonist LY367385, suggesting that the excitatory action of NE on accessory olfactory bulb GCs is due to potentiation of basal activity of mGluRs. By contrast, the PE-evoked depolarization in the present study persisted in extracellular cadmium and was unaffected by LY367385. Thus, while α1 receptor activation increases GC excitability and GABAergic inhibition of mitral cells in both the main and accessory olfactory bulbs, the signaling pathways coupled to the receptors differ markedly in the two olfactory structures.
Our physiological findings are consistent with the expression of both α1 and α2 receptors in the GCL, including GCs Kuhar 1979, 1980; Jones et al. 1985; McCune et al. 1993; Pieribone et al. 1994; Talley et al. 1996; Day et al. 1997; Domyancic and Morilak 1997; Winzer-Serhan et al. 1997a,b) . Responses of single GCs to both PE and Clon suggest that some GCs express both α1 and α2 receptor subtypes as observed for brainstem neurons (Grudt et al., 1995; Fukada et al., 1987; Vaughn et al., 1996) . The effects of NE were blocked by Praz and Idaz, indicating that α1 and α2 receptors are the major GC noradrenergic receptors engaged by NE. Noradrenergic receptor subtypes have differential affinities for NE and LC neuronal discharge, and consequently extracellular NE levels, vary as a function of attentional state or level of vigilance (Berridge and Waterhouse 2003) . Therefore, the net impact of the LC system on GABAergic inhibition in the MOB will be modulated as a function of the level of NE release and the specific NE receptors that are engaged by the prevailing extracellular concentration of NE. α2 receptors have a higher affinity for NE than α1 receptors (Ramos and Arnsten, 2007) . Consistent with this, the suppression of GC excitability by low NE concentrations (0.1 -1.0 µM) was eliminated or converted to an excitatory response by α2 receptor blockade. By contrast, the excitation observed at a higher NE concentration (10 µM) was converted to inhibition by α1 receptor blockade.
These concentration-dependent effects of NE on GC excitability correspond well to the dose-response profile for NE modulation of GABAergic inhibition of mitral cells ( Fig. 3A ; Nai et al., 2009 ). The ability of higher NE concentrations to override the initial low concentration inhibition of GCs may be due to a higher density of α1 than α2 receptors. Alternatively, α1 receptors may be preferentially distributed to GC dendrites where they may be more influential in controlling GABA release than somatic α2 receptors. The subcellular distribution of distribution of noradrenergic receptors on GCs is unknown. It is noteworthy, however, that the highest density of α1 receptors in the brain is in the external plexiform layer where GC distal dendrites ramify (Young and Kuhar, 1980) . Taken together with previous findings (Nai et al., 2009) , our results suggest that modest increases in LC discharge leading to relatively small increases in NE in the bulb would decrease GABAergic inhibition of mitral cells. Functionally, mitral cell disinhibition would be expected to increase sensitivity to odorants (i.e., lower detection threshold) and/or impair discrimination among odorants (Yokoi et al., 1995) . More vigorous levels of LC discharge and higher levels of NE release would lead to preferential activation of α1 receptors and increased inhibition. This would increase odorant detection threshold, but increase odorant discrimination (Linster and Hasselmo, 1997) . Partially consistent with these predictions, α1 receptor blockade in the MOB impaired spontaneous odor discrimination in adult rats (Mandairon et al. 2008) . Blockade of α2 receptors produced modest but non-significant reductions in odor discrimination, a result that may be complicated by presynaptic enhancement of NE release in vivo by α2 antagonists.
Previous studies have demonstrated non-linear relationships between LC neuronal firing rates (and presumably NE release) and vigilance in visual discrimination tasks (Aston-Jones et al 1994) . Similar non-linear relationships have been observed between postsynaptic NE levels and thalamic and cortical neuronal excitability (Kawaguchi and Shindou 1998; Waterhouse et al. 1998; Berridge and Waterhouse 2003; Waterhouse 2000, 2004; Devilbiss et al. 2006) . Our findings suggest that there may be a non-linear relationship between the level of NE and the excitability of GCs. Functionally, the differing affinity of noradrenergic receptor subtypes appears to allow for dynamic modulation of GABAergic inhibition in MOB as function of the extracellular NE concentration, which in turn, is regulated by behavioral state.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Effects of NE and α1 and α2 receptor agonists on GC membrane potential and discharge. A: A superficial GC filled with biocytin. GL, glomerular layer; EPL, external plexiform layer; MCL, mitral cell layer; GCL, GC layer; scale bar: 20 µm. B-D: Current clamp recordings in normal ACSF showing that NE (10 µM, B) or PE (10 µM, C) depolarized and increased the firing rate of GCs, while Clon (10 µM, D) hyperpolarized and decreased spontaneous discharge. E: Group data showing the effects of NE, PE and Clon on firing frequency (black bars) and membrane potential (unfilled bars); hatched bars show peak changes (see text). Data are expressed as increase or decrease in firing frequency or membrane potential from control (0). F-H: Bath application of CNQX (10 µM), APV (50 µM), and gabazine (10 µM) reduced baseline activity and spontaneous discharge in GCs. Under these conditions, 10 µM NE, PE, and Clon produced changes in GC membrane potential similar to those observed in GCs express α1 and α2 receptors. A1-2: Traces showing the opposing effects of PE (10 µM) and Clon (10 µM) on the same GC. B1: In 9 GCs tested in normal ACSF, PE increased, but Clon decreased, spontaneous spiking. B2: In the same cells as in (B1), PE and Clon induced depolarization and hyperpolarization, respectively. C1 and C2: In the presence of APV-CNQX-gabazine, 5 GCs tested responded to PE and Clon in a manner similar to that observed in normal ACSF; cells were depolarized by steady positive current injection to elicit spiking activity as in Figure 1J -M. *mean values differ significantly than basal values, p<0.05, paired t-tests. GC excitability and GABAergic inhibition of mitral cells is bi-directionally regulated by NE in a concentration-dependent manner. A: Group data from GC current clamp recordings in the presence of CNQX-APV-gabazine show that 0.1-1 µM NE hyperpolarized and reduced the spike discharge rate compared to the pre-NE baseline. By contrast, 10 µM NE depolarized and increased the discharge rate of GCs. GC membrane potential is expressed as absolute change from baseline, while discharge is normalized to a baseline value of 1.0. Data from 0.1-1 µM and 10 µM NE were obtained from separate groups of GCs; n=6-7 GCs for each concentration, *p<0.05, Anova followed by Newman-Keuls tests (0-1 µM data) or paired t-test (10 µM data). The level of GABAergic inhibition of mitral cells, expressed as the normalized frequency of mIPSCs, was bi-directionally modified by NE with a decrease elicited by NE concentrations less than 1.0 µM NE and an increase with 10 µM NE; #p<0.05, n=6-12 mitral cells per concentration. Mitral cell data were adapted from Fig. 6B in Nai et al. (2009) and mIPSCs were recorded in the presence of CNQX-APVgabazine-TTX (1 µM). The frequency of GC spiking and mitral cell IPSCs was calculated as: frequency at the end of drug application/basal frequency. B: Open circles show group data illustrating concentration-dependent effects of NE on GC firing rate (in APV-CNQX Superimposed current clamp traces showing membrane potential responses to +20 pA and −50 pA current steps before and during application of NE and receptor agonists (each at 10 µM) in the presence of APV-CNQX-gabazine. A-B: NE and PE increased evoked discharge to positive current injection and increased hyperpolarizing responses to negative current injection. C: Clonidine decreased evoked discharge and decreased hyperpolarization to negative current injection. D-E: Group data summary of the effects of NE and receptor agonists on the number of spikes/pulse (D) and changes in membrane resistance (E). *p<0.05; n=8-14 cells per group, paired t-tests. Effects of NE and α1 and α2 receptor agonists on GC membrane currents. Membrane currents produced by slow voltage ramps (−120 to −10 mV) were recorded in the presence of TTX (1 µM), CNQX(10 µM), APV(50 µM), gabazine (10 µM), NiCl 2 (100 µM) and CdCl 2 (100 µM). Figures show I-V plots before (basal) and during NE or agonist application, as well as difference curves obtained by subtraction of the basal and NE/agonist plots; insets show enlarged difference curve. A-B: NE (A, 10 µM, n=5) and PE (B, 10 µM, n=5) induced an inward current that progressively increases at membrane potentials from −120 to −10 mV. The NE and PE current reversed in polarity at −95.8 ± 4.3 mV and −94.9 ± 4.1 mV, respectively. C: Clonidine (10 µM, n=10) induced an outward current with a reversal potential of −93.1 ± 2.4 mV). D: Group data showing the amplitude of the NE and agonist currents at −60 mV. *p<0.05, paired t-tests.
